Early implementation of structural dynamics finite element analyses for calculation of design loads is considered common design practice for high volume
industries. However, with the rarity of rocket engine development programs starts, these tools are relatively new to the design of rocket engines. In the new Fastrac engine program, the focus has been to reduce the cost to weight ratio; current structural dynamics analysis practices were tailored in order to meet both production and structural design goals. Perturbation of rocket engine design parameters resulted in a number of Fastrac load cycles necessary to characterize the impact due to mass and stiffness changes.
Evolution of loads and load extraction methodologies, parametric considerations and a discussion of load path sensitivities are discussed.
Introduction
The Fastrac engine is a 60,000 pound thrust liquid oxygen/kerosene (LOX/RP-I) engine being designed and developed at the NASA Marshall Spaceflight Center (MSFC). The Fastrac (Figure 1) propellant feedline stiffness' which must be taken into account. The dynamic analysis has been done through a series of load cycles. The current load cycle is 9.
The results of load cycles 1-4 were described in an earlier work 2. The following sections will describe the model and the input environments, emphasizing the changes made in load cycles 5-9. Selected results from load cycles 5-9 will then be discussed, concluding with the current status and future plans for this analysis.
Finite Element (FE) System Model Construction
The main components of the engine system FEM consist of the nozzle, the manifold assembly, the turbopump and gas generator, the ducts, the brackets, and the vehicle interfaces. 
Ducts and Brackets
The propellant ducts have circular cross-sections and were modeled using beam elements. For straight portions of the ducts CBEAM elements were used since these portions of theducts behave according to simple beam theory. In thecurved sections andthe elbows, however, theCBENDelement is used. In these portions of thepiperadial stress parallel to the radius ofcurvature will develop when thepipebends andwill cause thecross-section to deformintoan oval shape whichcreates transverse stresses not present ina straight tube 4.Therefore a 2Dstress field ispresent withinthepipebend. Thiseffect isincluded intheMSC/NASTRAN CBEND element.
Thebrackets which areused toattach components to theengine are modeled as elastic springs. The spring constants were determined by building a detailed 3D model of each bracket and calculating the displacements due to unit loads applied in the appropriate direction (see Figure 3 ).
Vehicle Interfaces
The interfaces between the engine system and the X- 
Applied Loads and Environments
There are six phases of engine operation that result in six sets of external forcing functions that were applied to the engine FE model as both static and dynamic loads. Since each phase of engine operation occurs at a different time, they are each considered as separate load conditions. These six phases are described in more detail below.
Handling, Lifting, and Transportation Loads
These are loads which result from handling, lifting, and transporting the Fastrac engine and are assumed to be 3g in the x and y and 3.5 g in the z direction. These loads are applied as equivalent static loads.
_sient
These are loads which result from the X-34 vehicle separating from the L1011 aircraft and occur prior to engine start. These loads are listed in Table 1 as load case 5.1 and are applied as equivalent static loads.
Start and Shutdown
These are the loads which result from the Fastrac engine startup and shutdown. A portion of this load results from quasi-static sources including the vehicle acceleration, static thrust, external aerodynamic load, and the engine gimbal acceleration. Another load resulting from the firing of the engine is the side load on the nozzle during thrust buildup and shutdown 5-6.
Engine startup/shutdown sideioads refer to the low frequency engine system response loads which occur within the first five seconds during the transient startup and within 2 seconds after shut-down.
These For the Fastrac effort, the engine sideloads due to nozzle flow separation at start-up and again at shutdown were analyzed using simplifying assumptions based on results from previous engine programs such as the RS-27 and SSME.
A maximum amplitude nozzle sideload was calculated for lateral application at the nozzle aft end and loads were calculated statically throughout the remainder of the engine interface. Based on past tests, a dynamic load factor of two was applied to the results, thus providing a conservative sideload.
In addition, during initial ground testing it was discovered that some sideloads were present even during the steady-state operation. These steady-state side loads were much smaller than the startup sideloads and are due to the fact that the engine wasoperating at sea-level pressures during ground tests.
Steady State Operation
Two types of dynamic environments are induced by the operation of the engine itself. The first dynamic environment is due to the sinusoidal acceleration resulting from the rotation of the turbopump. The peak acceleration for the major frequency components of one, three, and six times pump synchronous operating speed were estimated and used in load cycles 1-3. As explained in Ref. 2, the magnitudes were decreased in load cycle 4 to the values given in Table 2 which have been used in all subsequent load cycles. These loads are applied at the turbopump cg with a -+10% bandwidth about the excitation frequency.
The second dynamic environment resulting from the operation of the engine is the random acceleration due to sources in the turbopump, the gas generator, the combustion chamber, etc. The levels of random acceleration were determined using test data from the MA5 engine which is similar in design to the Fastrac.
An initial random vibration spectrum was obtained by scaling and enveloping the peak responses obtained from the test data. The resulting environments are shown in Table 2 .
In addition to the dynamic loads, during steady state operation there are also quasi-static applied loads due to vehicle acceleration (Table 1 , load cases 6.1.1, 6.1.2, and 6.1.3), engine gimbal acceleration, and a 60,000 Ib static thrust load. The steady-state sideload described in section 3.4 was also applied to the system. This load was conservatively assumed to be the same magnitude as the startup/shutdown sideload.
Re-Ent_
These are quasi-static loads that result from the motion of the vehicle during re-entry. The loads are listed in Table 1 as load cases 7.1, 7.2, and 7.3.
Landin_g Loads
These are quasi-static loads which result during landing. The loads are listed in Table 1 as load cases 8.1.
Results
A summary of the analysis results for load cycles 5-9 is given below. A description of the analysis methodology is given as well as changes made in the model and the applied loads and environments. This section will conclude by discussing several parametric analyses that were done using the system dynamic FEM in order to resolve some design issues.
Enzine Configurations
As Figure 7) . Two design conditions were compared in this analysis. In one design, a bracket was added to the RP discharge duct between the RP Adapter Block and Main Injector. This bracket, designated the "splitter bracket", was simulated in the system FEM by linear springs elements in the x, y, and z directions. The second design had no bracket and the duct was left unsupported at that point. The results of the analysis indicated that with the splitter bracket, the dynamic loads decreased enough to eliminate a total of four negative margins in the RP Discharge Duct and RP Injector Ducts. Because of these results, the splitter bracket design was used in the Fastrac.
Another parametric analysis was used to determined the effects the nozzle had on the system dynamics during the engine burn. The nozzle used for this engine is a two-layer composite nozzle. The bond between the two composite layers has proven to be temperature sensitive, causing the modal characteristics of the nozzle to change by over 40% while the engine is burning. These changes in the modal characteristics cause a number of shifts in both the static and dynamic loads during the ascent into orbit. To perform the parametric analysis, a number of nozzle models that had been correlated with modal test data were inserted into the system model. These nozzle models were correlated using test data from actual nozzle firing tests that measured data at 0, 25, 50, 100, and 150 second burn times. 9 The nozzle stiffness notonlyaffected thedynamic loads, it also affected theinternal loadpaths of theengine itself, increasing or decreasing loadsin the ductsand adjacent hardware components. The goalsof the parametric analysis wastorunloads forthesinusoidal andselected static loadcases inorder toidentify how manynozzleburntimecases wouldbe needed to envelope allthedynamic loads forall loadcases and allloadinterfaces throughout theengine. 
